Abstract Nuclear envelope (NE) cisternal Ca 2+ and cytosolic ATP are required for nuclear-pore-complex-(NPC-) mediated transport of DNAs, RNAs, transcription factors and other large molecules. Isolated cardiomyocyte nuclei, capable of macromolecular transport (MMT), have intrinsic NPC ion channel behavior. The large ion conductance (γ) activity of the NPC channel (NPCC) is blocked by the NPC monoclonal antibody mAb414, known to block MMT, and is also silenced during periods of MMT. In cardiomyocytes, neither cytosolic Ca 2+ nor ATP alone directly affects NPCC gating. To test the role of Ca 2+ and ATP in NPCC activity, we carried out the present patch-clamp study with the pipette attached to the outer NE membrane of nuclei isolated from cultured Dunning G prostate cancer cells. Our investigations demonstrate that in these isolated nuclei neither cytosolic Ca 2+ nor ATP alone directly affects NPCC gating. However, when simultaneously applied to the bath and pipette, they transiently silence NPCC activity through stimulation of MMT by raising the Ca 2+ concentration in the NE cisterna ([Ca 2+ ] NE ). Our fluorescence microscopy observations with nuclear-targeted macromolecular fluorochromes (B-phycoerythrin and plasmid for the enhanced green fluorescence protein EGFP, pEG-FP-C1) and with FITC-labeled RNA support the view that channel silence accompanies MMT. Repeated Ca 2+ loading of the NE with Ca 2+ and ATP, after unloading with 1-5 µM inositol 1,4,5-trisphosphate (IP 3 ), thapsigargin (TSG) or 5 mM BAPTA or EGTA, failed to affect channel gating. This result indicates that other factors are involved in this phenomenon and that they are exhausted during the first cycle of NE Ca 2+ loading/unloading -in agreement with current theories of NPC-mediated MMT. The results explain how Ca 2+ and IP 3 waves may convert the NE into an effective Ca 2+ barrier and, consequently, affect the regulation of gene activity and expression through their feedback on MMT and NPCC gating. Thus, [Ca 2+ ] NE regulation by intracellular messengers is an effective mechanism for synchronizing gene activity and expression to the cellular rhythm.
Introduction
DNAs, RNAs, transcription factors and other large molecules essential to the control of gene activity and expression cross the nuclear envelope (NE) exclusively through the nuclear pore complex (NPC). The NPC, the only di-rect pathway connecting the nucleus and cytoplasm, is a large supramolecular structure of about 126 MDa [1] . Under electron and atomic force microscopy (EM and AFM, respectively), most NPCs display a central plug when the specimen is prepared under conditions unfavorable to macromolecular transport (MMT); whereas the NPCs are unplugged when specimens are prepared under MMT-favorable conditions ( [1, 2] -reviewed in [3] ). Studies with AFM and field-emission scanning electron microscopy (FESEM), two surface/topological techniques (see [2, 3] ), demonstrated that, in isolated nuclei, the detection of the putative NPC plug depends on the Ca 2+ concentration in the NE ([Ca 2+ ] NE ) and, therefore, that the appearance of the plug is connected to the translocation of particles of relative mass, Mr, greater than 500 Da ( [4, 5, 6] , reviewed in [7] ). NPCs may be plugged by reducing [Ca 2+ ] NE , which explains the fluorescence and luminescence microscopy observations that, under certain conditions, the NE is capable of monoatomic ion-barrier behavior (e.g., [8, 9] -reviewed in [10, 11, 12] ). Furthermore, small dextran molecules (e.g., <10 kDa) placed outside the nucleus translocate into the nuclear interior and not into the NE cisterna [13, 14, 15] , demonstrating that only the NPCCs, and not channels at either of the two NE membranes, provide an electrical and chemical short-circuit between the pipette and bath electrodes in nucleus-attached patch-clamp preparations. Recent independent patch-clamp and fluorescence microscopy studies confirm this view [16, 17] . That is, nuclei isolated at our laboratory (e.g., [18, 19] ) and elsewhere (e.g., [15] ) show that the NE cisterna is isolated from the extra-and intra-nuclear compartments. AFM has also been used to show that extranuclear Ca 2+ and ATP can induce changes in NPC shape ( [20] and [21] , respectively). To date, no-one has shown that NPC channels (NPCCs) are permanently closed to monoatomic ion flow. However, in contrast, it has been shown that, at the macroscopic level, both monoatomic ions and small molecules enter the nucleus under the most unphysiological conditions (e.g., [14, 15] ). We showed, in a series of reports combining patch-clamp with laser scanning confocal microscopy (and supported with EM and AFM), that the NPC of isolated cardiomyocyte nuclei has an intrinsic ion channel behavior that can be transiently and reversibly silenced (i.e., the measured ion current is zeroed) by transcription factors and other nuclear macromolecules in a fashion that suggests transient plugging of the NPCC [18, 22, 23] . Isolated cardiomyocyte nuclei display all known properties of the NPC-mediated transport of monoatomic ions, small-and medium-sized molecules as well as macromolecules [18] , and their distinct large-ion-conductance (γ) channel activity is blocked by the NPC monoclonal antibody mAb414, known to block MMT (cf. [18] ). These investigations, and those previously published by us and others, led us to conclude that the NPCC is responsible for such channel activity and that macromolecules moving along the NPCC plug it during their translocation ( [18, 24] ; see [25] ). The observation that macromolecules silence other large-γ ion channels by plugging them is not new. Mitochondrial peptides and proteins silence the mitochondrial PSC, VDAC and MCC channels (e.g., [26, 27, 28, 29, 30, 31] ). Mazzanti and coworkers reported that, in in situ nuclei from Xenopus laevis oocytes, cytosolic Ca 2+ and ATP affect NE ion permeability and channel conductance [32, 33] . However, our studies with nuclei isolated from adult cardiac myocytes failed to show a direct action of either agent alone on single NPCC gating [11, 19] . To determine whether our apparent discrepant observations of NPCC channel gating result from differences in the starting/control [Ca 2+ ] NE levels (related to specimen preparation) and the accompanying differences of NPC-mediated MMT, we designed the present nucleus-attached patch-clamp studies with cultured Dunning G prostate cancer cells. Our investigations indicate that although Ca 2+ and ATP do not directly affect the large-γ NPCC activity when acting independently, they do modify NPCC gating via their concerted indirect action on [Ca 2+ ] NE which is a requirement for MMT. Translocating macromolecules, in turn, counter ion flow along the NPCC, resulting in the transient silencing of NPCC activity. MMT transiently converts the NE into an effective Ca 2+ barrier which, in turn, modulates gene regulation by transcription factor entry and expression via DNA entry into and RNA exit from the nucleus. Thus stimuli causing Ca 2+ depletion from the NE appear to be a mechanism by which the cells synchronize their gene activity and expression to their functional rhythm. Our observations of events in isolated nuclei may be relevant to in situ conditions, as is indicated by the recent demonstration of NE dissociation from the endoplasmic reticulum when cytosolic Ca 2+ is raised [34] .
Materials and methods

Nuclei isolation
Dunning G prostate cancer cells were cultured according to standard procedures. Confluent cells (about 10 6 -10 7 cells) were scraped in their medium with a rubber policeman from their 75-cm 2 culture flask. The cell suspension in its culture medium (RPMI-1640+10% fetal bovine serum, Sigma, St. Louis, Mo., USA) was centrifuged for 3 min at 2000 rpm, 4°C (Sorvall RC-5C Plus, Dupont, Wilmington, Det., USA). The cell pellet was then washed with 4°C high-K-EGTA solution (mM: 135 KCl, 5 EGTA, 5 MgCl 2 , 10 HEPES, and 15 KOH, pH 7.2). The pellet in 10 ml of this solution was placed in a Dounce manual tissue grinder (Wheaton-33 low extractable borosilicate glass; Wheaton, Millville, N.J., USA). Nuclei were released by four to six strokes with the loose-fitting pestle of the tissue grinder. Nuclei were purified in Percoll gradient as we previously described for cardiac myocytes [35] .
Solutions
Cytosolic [K + ] was simulated with a high-[K + ]-buffered saline solution (mM: 150 KCl, 5 MgCl 2 , 10 HEPES, and 5 KOH, pH 7.2). An ATP-regenerating system consisting of 1 mM MgATP, 5 mM creatine phosphate (di-tris salt) and 20 units/ml creatine phosphokinase VI-S (Sigma) was used as substrate for MMT (e.g., [36] ). Note that by substrate we mean a substance required for MMT and, therefore, the term does not include the translocating particle, which we will call heretofore MMT "cargo" after [37] . Ca 2+ loading of the NE cisterna as well as part of the MMT substrates were secured with the ATP-regenerating system plus 1 µM [Ca 2+ ] [15] . Here we refer to this mixture as the Ca+ATP system. Inositol 1,4,5-trisphosphate (IP 3 , Sigma) and thapsigargin (TSG, LC Laboratories, Woburn, Mass., USA) were applied before or after treatment with the Ca+ATP system. Both substances were applied to the pipette, the bath or both. TSG was used as it has been shown to inhibit the NE Ca 2+ pump in hepatocytes ( [38] ; note, however, that this does not appear to be the case in the Xenopus laevis oocyte preparation, [4] ). Since the NE cisterna has side access to all the NPCs in the NE, we used this concept in our experimental design. Thus, applying the Ca 2+ -loading substrate or the Ca 2+ -depleting agent (e.g., IP 3 ) to the region outside the pipette tip secured, respectively, the loading or depletion of the NE cisterna under the pipette. This concept is important because it facilitates the experimental design by eliminating Ca 2+ loading of the NE cisterna through the recording pipette. Furthermore, applying the MMT substrate via the pipette made it difficult to record channel activity, as this procedure induces channel plugging (see Fig. 1 in [10] ).
Patch-clamp procedure
Our patch-clamp approach for recording and analyzing NPCC activity is described elsewhere [11, 18, 19] . The data-acquisition system (EPC-7, List Medical, Darmstadt, Germany; TL-125, Axon Instruments, Foster City, Calif., USA) was calibrated with a precision resistor (10 9 Ω, Eltec Instruments, Daytona Beach, Fla., USA) and oscilloscope (2225, Tektronix, Beaverton, Ore., USA). As for cardiac myocyte nuclei [18] , long-term recordings (1-36 h) were possible with these cancer cell nuclei. Their reversal and resting potentials, V rev and V rest , were negligible [19] . To counter potential ion accumulation due to electrical field polarization, voltage pulses were delivered to the pipette electrode from 0 mV, the value at which the current reverses direction (i.e., V rev , [19, 35] ). Since the outer nuclear membrane of the NE is continuous with the endoplasmic reticulum (ER), a common concern with patch-clamp studies of isolated nuclei is the NE contamination with ER debris (discussed in [18] ). A recent study combining patch-clamp with AFM demonstrated such contamination of patch-clamped NE [39] . The fluorescence microscopy experiments detailed below demonstrate that our preparation has functional NPCs and, therefore, that such ER contamination is immaterial to our observations. Channel properties were analyzed with eight-record ensembles of patch current and conductance, I p and Γ p , respectively. Single channel conductance, γ, was measured directly from the current jumps (∆i) in each current trace and, indirectly, by multi-Gaussian fitting of the cumulative histograms for each trace ensemble (in this case standard deviation is contaminated by background noise). Gigaseals were obtained without applying suction to the lumen of the recording pipette (i.e., only the capillary suction at the pipette tip was sufficient, see [19, 35] ). Channel activity was measured with the patch-clamp, nucleus-attached mode, in nuclei devoid of conspicuous ER remains -which could be observed by the 100× (1.36 NA) oil-immersion objective of our inverted microscope [40] . Attempts to form gigaseals in nuclei with conspicuous ER remains were futile (24 out 24). The number of nucleus-attached patches studied, 57, resulted from the formation of gigaseals in 68 attempts, or ≅84% (22-24°C). Since V rev and V rest were negligible, the pipette potential was the negative of the voltage sensed by the NPCs, V. The 100-µl experimental chamber was perfused at 100 µl/min to counter evaporation, which would have increased ion concentration and thus shifted V rev and V rest . Because the number of functional channels, N, and the open probability of a single channel (p open ) could not be precisely determined (i.e., a functional channel may be plugged and thus not detected), the data were reduced to the mean of the average patch conductance: < Γ p (t) ---->. Note that for a system of identical, independent channels, <Γ p >=γNp open [19] . Laser-scanning confocal fluorescence microscopy
The NPC sieving and transport properties were studied with laser scanning confocal fluorescence microscopy (MRC-600, Bio-Rad, Hercules, Calif., USA; LSM 410, Carl Zeiss, Oberkochen, Germany). Sieving properties were investigated with 1 µM FITC-labeled dextrans (4-150 kDa, Sigma). Macromolecular entry was studied with 100 nM B-phycoerythrin (240 kDa, Molecular Probes, Eugene, Ore., USA) conjugated to the nuclear localization signal (NLS) of the SV40 large T antigen (Sigma). Macromolecular export was studied with FITC-labeled ribonucleotides (rNTPs, Amersham, Arlington Heights, Ill., USA; Boehringer Mannheim, Mannheim) supplemented with cell lysate. An EGFP plasmid (pEGFP-C1≅3.1 MDa, Clontech Labs, Palo Alto, Calif., USA) containing the 72-base-pair SV40 enhancer sequence was used to study the NPC capacity for plasmid import. When used with both the lysate and the ATP-regenerating system, transcription factors bind to pEGFP-C1 and hence "cover" it with their NLSs, thus providing nuclear targeting. The experiments with pEGFP-C1 also allowed the study of these isolated nuclei for transcription and translation. The long phase lag (3-6 h) between the import and expression of the plasmid permitted the discrimination between import and export phenomena of the plasmid. The FITC-rNTPs were applied at 5 µM for 30 min under conditions that support transcription (TnT, Promega, Madison, Wis., USA). The probes are then washed out and the export of RNA containing the FITC-rNTPs is imaged. Ca 2+ loading of the NE cisterna was confirmed by imaging the NE with the membrane-permeant form of fluo-3 (fluo-3/AM, Molecular Probes). Nuclei were incubated for 15 min in 100 µM probe and then washed with control saline [15] . Note that for all fluorescent probes, except FITC-rNTPs and fluo-3/AM, the probes were left in the bath as they did not interfere with the imaging of the effect. A total of 136 nuclei were imaged at room temperature (22-24°C).
Results
Sieving and macromolecular transport capacity Our laser-scanning confocal fluorescence microscopy studies showed that nuclei isolated from cultured Dunning G prostate cancer cells have a sieving capacity similar to that of Xenopus laevis oocyte nuclei [15] . As shown in Figure 1A , in the absence of Ca 2+ and other MMT substrates, all the cancer cell nuclei allowed the translocation of FITC-dextrans with M r <10 kDa (78 out of 78 nuclei, 3 cell culture flasks). The images in Fig.  1A were taken while the probe was in the bath as it does not interfere with the fluorescence microscopy observation of probe translocation (see Materials and methods).
In the presence of MMT substrates, nuclear entry of NLS-conjugated B-phycoerythrin was detected in 100% of the nuclei studied (60 out 60 nuclei, 3 cell culture flasks). These results, shown in Fig. 1B left panel, were similar to those we reported for adult cardiac myocyte nuclei [18] . The light outside the nucleus was caused by the presence of the probe in the bath left there, as it does not interfere with the interpretation of the results (see Materials and methods). Macromolecular export, aided with MMT substrates, could be observed in all the im-aged nuclei subjected to pulse-chase FITC-rNTPs (46 out of 46 nuclei, 2 flasks). Macromolecular import and export were also observed in all nuclei exposed to the EGFP plasmid, pEGFP-C1 (16 out of 16 nuclei, 2 flasks). From these, open and close probabilities were evaluated. To evaluate the linearity, and thus the voltage dependence, of γ alternating positive and negative pulses were delivered from a holding potential of 0 mV. A Graphs corresponding to pulses from 0 to -10 mV (pipette potential). B-D Results for pulses from 0 to +10, -20, and +20 mV, respectively. E Current-voltage plot obtained from 35 measurements of discrete current transitions, ∆i ied). Under control conditions, only a weak signal was detected (Fig. 1C left image) . However, after Ca 2+ loading with the Ca+ATP substrate, the signal increased 3.6±0.2 times (Fig. 1C center image) . Adding 1 µM IP 3 or 1 mM BAPTA/AM to a control or to a Ca 2+ -loaded nucleus resulted in no [Ca 2+ ] NE signal (Fig. 1C right) . Note that, as mentioned, with the exception of the experiments with FITC-rNTPs and fluo-3/AM, all the probes were left in the bath as they did not interfere with the fluorescence determination of the effects (see Materials and methods).
Basic channel properties NPCC properties from these prostate cancer cells resemble those previously recorded from adult cardiac myocyte nuclei under similar high-K control conditions (e.g., [18, 19, 35, 41] ). Channel activity was detected by measuring the time-dependent ion currents across the NE patch, I p =I p (t). Figure 2 illustrates the analysis used to characterize the basic properties of channel activity. This analysis is standard in patch-clamp studies and involves single trace and ensemble statistics (see Materials and methods). For the NE patch of Fig. 2 , the calculated mean single NPCC conductance γ, measured from 35 discrete quantal jumps (∆i) in the current records, was 409±5 pS (n=35), and the reversal potential, V rev , was 0.2±0.1 mV (n=35). For the 48 control patches investigated, the γ value calculated from 237 discrete quantal jumps in the current records, was 376±12 pS (n=237). V rev in the 57 patches investigated was -0.6±0.1 mV.
Effect of Ca 2+ and ATP on channel activity
No channel activity was detected 60-90 min following pretreatment or pipette solution supplementation with 1 µM [Ca 2+ ] plus the ATP-regenerating system: the Ca+ATP system (12 out of 12 nuclei). This result is identical to our previous observation with adult cardiac myocytes (see Fig. 1 in [10] ). Since we agree with the prevalent view that, because of their size, both Ca 2+ and ATP have immediate access to the nuclear interior through unplugged NPCs (see [4] ), we utilized this concept to manipulate [Ca 2+ ] NE while recording patch channel activity. Addition of the Ca 2+ -containing, ATP-regenerating system triggered a transient reduction in both patch and single-channel conductance, Γ p and γ. This effect appeared within 30 min of chamber perfusion with the Ca+ATP system (19 out of 19 patches). We associated these events with the beginning of MMT because of its slow kinetics and duration of 30-260 min (typical of this mechanism under our experimental conditions) and because of the effects of pre-treatment or pipette loading with the Ca+ATP system. Figure 3 shows highlights from one of these experiments. The graphs in Fig. 3A give the ensembles of patch conductance, Γ p (t), at different times of bath perfusion with the Ca+ATP system. The bar graph in Fig. 3B shows the relative change in the mean of
. Amplitude histograms are given in Fig. 3C . All three characterizations of the events (Fig. 3A-C 
Discussion
The NPC ion channel behavior
We previously argued with data from MMT-capable cardiomyocyte nuclei that the large-γ channel activity (recorded with a pipette attached to the outer membrane of the NE) corresponds to gated ion flow along the NPCC [18] . We showed that the NPC antibody mAb414 (and none of the five other antibodies tested) blocks the large-γ channel activity recorded from these nuclei [18] . This demonstration was crucial in identifying the source of channel activity, because the mAb414 blocks NPC-mediated MMT and localizes in the central region of the NPCC [18, 44, 45] . Our observations with mAb414 were independently confirmed by Prat and Cantiello in 1996 (see [25] ). Since in in situ conditions the outer NE membrane is connected to the ER, we carried out experiments demonstrating that ER protein-conducting channels are not the source of this channel activity [18] . It was later demonstrated, however, that Ca 2+ triggers the disruption of these two topological regions [34] . It remains to be tested whether intact Dunning G prostate cancer cells display this ER-NE separation. Here we provide evidence that IP 3 -sensitive channels do not contribute to the large-γ channel activity recorded from cultured Dunning G prostate cancer cells. We also previously demonstrated that exposure to MMT-supporting conditions, such as reticulocyte lysate, results in the transient silencing of ion channel activity which is directly correlated to the timing of MMT ( [18] ; see Fig. 1 in [10] ). Furthermore, for a preparation such as ours (in which the NPCCs have been demonstrated to be fully functional), the electrical circuit theory dictates that, regardless of the presence of other ion channels (with lower ion conductance and numbers) at either of the two membranes of the NE, the NPCCs (the only pathway connecting the nuclear interior to the cytosol) are a major (if not the major) pathway for an electrical current between the electrode in the recording patch-clamp pi- pette and the electrode in the bath of the perfusion chamber -where the nuclei are placed (reviewed in [12] ). Since the number of ion-conducting channels recorded in our preparations is smaller than that seen with electron microscopy (EM, see [18] ) it is clear that some of the NPCCs are plugged. That not all NPCs are plugged may be related to the fact that [Ca 2+ ] NE seems to be high (reviewed in [46] ). This characteristic of our preparation facilitates single-channel analysis with current patch-clamp statistical methods and explains why we are successful in achieving gigaseals upon pipette contact with the NE -a preliminary goal and requirement in patch-clamp recording. It is impossible to record more than a gigaohm of seal resistance between the pipette and the NE (i.e., a gigaseal) without some NPCCs being plugged by translocating macromolecules.
The macromolecule-conducting ion channel paradigm
We previously introduced our interpretation of the dual nature of the NPC as a transport pathway in what we called the macromolecule-conducting ion channel paradigm [18] . We proposed that, during MMT, the NPCC is plugged by the translocating macromolecules and that when the channel is free of macromolecules it behaves as an ion channel. The time for which the channel is plugged is determined by the size, shape and number of translocating particles, the intrinsic NPC transport capacity, and the availability of transport substrates and components (ATP, GTP, docking site, Ca 2+ , etc. , a structural and functional transcription factor, has been reported to transiently modify the single-channel conductance, γ, in the same manner as other macromolecules [22] . TBP also modifies the value of γ (see Fig. 5 in [22] ). In addition to increasing the stability of the preparation, TBP modifies the instantaneous . Therefore, not all macromolecular species should be expected to produce a transient effect on NPCC gating, particularly when the comparison is made with such universal transcription factor as TBP (see [22] -and references therein).
Ca 2+ and the NPC plug
Our prolonged patch-clamp recordings (1-36 h) from fully functional nuclei do not contradict the AFM observation of Ca 2+ -dependent NPC plugs (see [4, 5, 6] ) or ATP-dependent NPC geometry [21] because the NPC model including an intrinsic plug must account for the That is, the plug must have a hole sufficiently large to account for the ion flow always seen in isolated and in situ nuclei. Thus, all NPC structural models developed with high-resolution microscopy and which include a plug, granule or transporter intrinsic to the NPC, always incorporate central hole (e.g., [47] ). However, our interpretation of our results is better represented by recent AFM observations made with a more physiological preparation showing that NPCs have no intrinsic plug [2, 3] and that the putative NPC plug represents a macromolecule caught in transit along the channel. Whether or not Ca 2+ is trapped in the nucleoplasm after Ca 2+ release from the NE cisterna seems to depend on the preparation [48] . Alternative explanations of our observations are plausible. Indeed, Oberleithner [20] demonstrated that, in cultured MDCK kidney cells, NPCs contract seconds after exposure to aldosterone, bradykinin and ionomycin, agents known to trigger a Ca 2+ signal [20] . Our results indicate that repetitive Ca 2+ signals (whether up-or down-regulated) are inconsequential for a pore in an environment devoid of translocating macromolecules. For this reason we subscribe to our original proposal that Ca 2+ only acts indirectly on the NPC.
ATP and NPC channel gating
Rudel et al. [49] showed that ATP and GTP interrupt the activity of the porin-PorB bacterial channel -a structure whose conductance and channel diameter are 1500 pS and 10 nm, respectively [49] . The observations were interpreted by the authors to result from conformational The open and close probabilities depend on the conditions to which the NPC is subjected. In an ideally pure binomial system, the open and close probabilities would be equal (i.e., 0.5). This would result in equal probability of seeing open-state and closestate ion current levels (e.g., 1 and 0; note that conductance is current/voltage and that the voltage is constant/clamped). D A patch conductance ensemble taken from Fig. 3 . The ensemble contains at least three indistinguishable ion-conducting channels. During macromolecular translocation, MMT, the NPC channel is plugged and, therefore, the ion current (and conductance) is zero. Thus, an open NPC may be plugged by stimulating MMT with, for example, Ca+ATP and other MMT substrates. This, of course, would happen if the preparation were to have macromolecules (e.g., DNA, RNA, transcription factors) available for translocation and/or if the preparation had sufficient substrates for repeated MMT. E Data from Fig. 3 show the effect of MMT. In the paradigm, macromolecule and ion conduction are mutually exclusive. That is, when a macromolecule is being conducted, ions are excluded (and vice versa). Therefore, MMT results in reduction of ion flow or current changes [49] . Although it is possible that the NPCC conformation was affected by our experimental maneuvers, the lack of effect after repeated treatment with the Ca+ATP system does not support this alternative. Unfortunately, since Rudel et al. [49] did not try repeated exposures, a direct comparison of these two different channels is not possible. Our study supports the idea that [Ca 2+ ] NE and ATP, when present in conjunction with all the elements required for MMT, cause a transient reduction of single NPCC ion conductance, γ (and thus NE ion permeability), by promoting transient channel plugging during MMT. Since treatment with the Ca+ATP system assists MMT, the treatment would result in increased NE conductance in preparations with plugged NPCs (e.g., [32] ). Figure 6 illustrates the macromolecule-conducting ion channel paradigm applied to the NPCC as previously described by us [18] .
The NPC channel is indirectly modulated by cytosolic Ca 2+ and ATP
Our results exclude IP 3 -sensitive channels as the source of channel activity because the activity was not enhanced when IP 3 was present in the pipette, the bath or both. Our experimental observations differ from those reported by others reporting enhanced channel activity with IP 3 [42, 43] . We propose that, when combined, Ca 2+ and ATP act indirectly, through the NE cisterna, on NPCC gating. This action results from their combined effects on MMT and, although we found no supporting evidence, they may also act directly on NPCC conformation. While we think that our patch-clamp results are not discrepant with those of Mazzanti's group [32, 33] , our interpretation of the data (both ours and theirs) differs in that they propose a direct action of either agent while we argue for an indirect action mediated through MMT. This may be the result of specimen preparation and is a topic that requires further investigation. However, 200-pS rectifying Ca 2+ -activated K + channels were reported as present in NE isolated from single pancreatic acinar cells [50] . Therefore, the existence of these channels in other preparations cannot be excluded. We subscribe to the suggestion made by others that a plausible candidate for this mechanism is the NPC transmembrane glycoprotein gp210 ( [4, 14, 15, 51 ] -reviewed in [1] ). This glycoprotein contains an EF-hand (helix-loop-helix) Ca 2+ -binding domain facing the NE cisterna.
